repeat, and a proline rich C terminus. Homologous seby ␣V2 and ␣V3 supports a middle layer consisting of quences flanking the Vps9 domain were detected in an ␣V4 and ␣V5. The N terminus of ␣V6 packs against the alignment of diverse Vps9 domain proteins ( Figure 1A central portion of ␣V3, allowing the C terminus of ␣V6 and Supplemental Figure S1 available at http://www.cell.
to thread a V-shaped groove between ␣V4 and ␣V5. com/cgi/content/full/118/5/607/DC1). A Rabex-5 conAlthough a short helix following ␣V6 packs against struct consisting of residues 132-391, which includes the Vps9 domain and is required for soluble expression, five predicted helices N-terminal to the Vps9 domain two observations indicate that this helix (␣C1) is not a and one on the C-terminal side, expresses at high levels, generally conserved element: (1) the similarity following behaves as a uniform monomer, and exhibits potent the Vps9 domain is weak; and (2) the C-terminal location exchange activity for Rab5 ( Figure 1B) . The observed of the Vps9 domain in the ALS2 and Q9P207 proteins rate constant (k obs ) depends linearly on the concentration precludes an analogous helix. In contrast, significant of Rabex-5 132-391 to at least 2 M, requiring lower limits on similarity is evident in the sequences N-terminal to the the apparent Michaelis-Menten kinetic constants such SMART/PFAM homology region (Figure 1 and Supplethat k cat Ͼ 0.1 s Ϫ1 and K m Ͼ 2 M. Constructs that trunmental Figure S1 available on Cell website). This region cate predicted helices at the N-or C terminus express encodes an amphipathic helix (␣V1) followed by an orpoorly and/or are prone to aggregation. Consistent with dered stretch of random coil. The nonpolar surface of this observation, Rabex-5 132-391 resists proteolysis by ␣V1 rests in a hydrophobic groove formed by the C LysC, GluC, ArgC, and chymotrypsin (data not shown).
terminus of ␣V6 and the connecting segment between We therefore conclude that the 260 aa helical region ␣V4 and ␣V5. Likewise, nonpolar residues in the ordered encompassing the Vps9 domain represents the catacoil following ␣V1 pack against nonpolar residues from lytic core.
␣V4. Given the physiochemical similarity of the residues that lie within these interfaces, we conclude that the Vps9 domain begins with ␣V1 and terminates with ␣V6.
Tandem Architecture of the Catalytic Core
In the extensive interface between the HB and Vps9 The structure of selenomethionine-substituted Rabexdomains, which buries 1940 Å 2 of surface area, residues 5 132-394 was solved by multiwavelength anomalous diffrom one side of ␣HB4 pack in a shallow groove between fraction and refined to 2.35 Å ( Table 1) . As illustrated in ␣V5 and the ␣V2/␣V3 loop. A solvent excluded hydrogen Figure 1C , the catalytic core consists of an N-terminal bond between the buried carboxylate group of a conhelical bundle (HB) and the Vps9 domain, which has a served glutamate residue in ␣HB4 (Glu 212) and the novel ␣ helical fold. Helices ␣HB2-␣HB4 in the helical main chain NH group of Arg 285 at the N terminus of bundle form a triple-stranded antiparallel coiled coil with ␣V3 is enhanced by the favorable disposition of the a right-handed superhelical pitch. The subdomain correnegatively charged Glu 212 side chain with respect to sponding to the SMART/PFAM Vps9 homology region adopts a layered fold in which a helical hairpin formed the positive end of the ␣V3 helix dipole. An analogous 
A Conserved Surface of the Vps9 Domain
Given that the severity of the defects correlates with both conservation and solvent exposure, the simplest Is Critical for GEF Activity A number of exposed residues in the Rabex-5 132-394 strucinterpretation is that the contiguous surface formed by conserved residues from ␣V4, ␣V6, and the loops ture are conserved in diverse Vps9 domain proteins. The majority of these residues cluster on a common surface N-terminal to these helices corresponds to the overlapping interaction epitopes for Rab5 and Rab21. Differof the Vps9 domain ( Figure 3A To identify determinants of GEF activity, conserved residues that are conserved within the Rab5 subfamily but are strikingly dissimilar in other Rab GTPases (Figure residues with substantial solvent exposure were substituted with alanine. All of the mutant proteins express in 4). Substitution of Phe 58 or Tyr 83 in Rab5 with alanine severely impairs the ability of Rabex-5 132-391 to catalyze a soluble form at wild-type levels and are well behaved. The ability of the Rabex-5 132-391 mutants to catalyze reexchange, despite little or no effect on the intrinsic rates.
To test the hypothesis that the switch I and II regions lease of mant-GDP was determined for both Rab5 and Rab21 ( Figures 3B and 3C) . Mutation of four residues play a key role in specificity determination, residues that are selectively conserved in the Rab5 subfamily were (Asp 313, Pro 317, Tyr 354, and Thr 357) that cluster near the N termini of ␣V4 and ␣V6 severely impairs catalytic substituted with the consensus residue from the set of Rab GTPases that are not substrates. Although small efficiency. Mutation of two residues flanking the critical cluster (Thr 349 and Glu 351) results in moderate defects differences (‫-2ف‬fold) are observed for most substitutions, two result in 5-fold lower k cat /K m (L59K and P88S), whereas mutation of other residues has minimal effect. The sequences of Rab5 subfamily GTPases within or proximal to the switch I and II regions are compared with the consensus sequence for other Rab GTPases. Shown above the alignment is a log-odds measure of the average similarity within the "interacting set" of Rab GTPases (ϽS i Ͼ) compared to that between the interacting and noninteracting sets (ϽS n Ͼ). Log-odds scores for individual amino acid substitutions were obtained from the Blosum 62 substitution matrix. Positive values reflect lower similarity between the interacting and noninteracting sets whereas negative values reflect lower similarity within the interacting set. Potential determinants of Rab family recognition (blue), selectivity for Rab5 subfamily GTPases (yellow), or variation within the Rab5 subfamily (green, gray, red, and orange) were substituted as indicated in the legend and assayed for exchange activity with Rabex-5 132-391 .
whereas the A57D, A57E, and A57N substitutions, which minants (Phe 58 in switch I and Tyr 83 in switch II) that are conserved throughout the Rab family. The switch II exhibit intrinsic rates similar to wild-type Rab5, severely disrupt exchange activity (k cat /K m ‫-003-03ف‬fold lower).
tyrosine is broadly conserved in most GTPase families and typically participates in GEF interactions. Conversely, An acidic residue is conserved at this position in 30 Rab GTPases, even though it is exposed in all known Rab the switch I phenylalanine residue, though invariant in the Rab family, is replaced by dissimilar residues in other structures and does not contribute to nucleotide binding or conformational switching.
GTPases. The HB-Vps9 tandem distinguishes the Rab5 subfamily from other Rab GTPases primarily through a With one exception, Rab GTPases conserve a switch I glycine residue corresponding to Gly 55 in Rab5. In strict requirement for a small nonacidic residue preceding the invariant switch I phenylalanine, with secondary Rab21, this residue is replaced by glutamine, a substitution that is expected to disrupt the characteristic intercontributions from nonconservative substitutions at other positions. Interestingly, acidic residues at the posiface between the switch I and II regions in the active conformation. Surprisingly, the Q53G substitution in tion corresponding to Ala 57 in Rab5 occur frequently in other GTPase families. Likewise, dissimilar substitutions Rab21 reduces k cat /K m ‫-06ف‬fold to a level comparable to Rab 22, whereas the reciprocal mutations in Rab5 are typical at the position following the invariant phenylalanine. Thus, the (A/S)-F-(L/M) motif in the switch I and Rab22 increase k cat /K m by 12-fold and 7-fold, respectively, indicating that the equivalent catalytic effiregion encodes sufficient dissimilarity to distinguish the Rab5 subfamily from other Rab GTPases as well as other ciency for Rab5 and Rab21 does not reflect identical determinants. Conversely, substitution of residues within GTPase families. or proximal to the switch regions in Rab5 with the corresponding residue in Rab22 suggests that the preference Structural Similarity in the GTPase Binding Sites of Vps9 and Sec7 Domains for Rab5 reflects the cumulative contribution of multiple weak determinants.
Although the fold of the Vps9 domain differs from that of other GEFs, the functionally critical substructure conThese observations demonstrate that the HB-Vps9 tandem recognizes Rab GTPases through general detersisting of the ␣V4 and ␣V6 helices bears a striking resem- ). An alternative hypothesis is of Rab5 in a yeast two-hybrid assay, as does a construct that begins at the N terminus of ␣V1 and extends through that the lower exchange activity reflects autoinhibition by regulatory elements in the regions N-and/or C-terthe C terminus of the protein (Tall et al., 2001) .
A tandem architecture has also been observed in minal to the HB-Vps9 tandem. In this case, the interac- Table 1 
